The problem of creating and storing cross-section information in a problem where many nuclides are subjected to highly detailed temperature distributions and/or changing temperatures is considered. An approach involving interpolation between nuclear data libraries at various reference temperatures was investigated. 
U, remained greater than the target 0.1% relative error even with the 28 K (50 °F) interval, suggesting a small interval is necessary for these nuclides.
I. INTRODUCTION
For isothermal transport problems, Doppler broadening techniques using the kernelbroadening 1,2,3 approach and Maxwellian free-gas distribution of target nuclide velocities allow for the convenient generation of point-wise, linear-linear interpolable, cross-section sets at a desired temperature, prior to run time. This is the case for such popular codes as MCNP 4 . In instances where nuclides exist in a problem at many unique temperatures and/or the temperature is changing, e.g., a detailed temperature feedback model, crosssection information for many nuclides at many different temperatures may be required.
In these circumstances, it is possible to create separate Doppler broadened crosssection libraries at every possible temperature of the nuclides in the problem. However, this approach may prove problematic for cases involving more than a few nuclides and temperatures because of memory storage concerns. An additional complication to this approach is that the final temperature distribution may not be known a priori, as is the case in a temperature feedback problem.
An alternative to creating large sets of pre-Doppler broadened cross sections is to employ a method of approximating the cross section at various intermediate temperatures, given a set of cross-section libraries Doppler broadened at a small number of reference temperatures. The reference temperatures should be chosen to span the anticipated temperature range for a particular nuclide in the problem at some predetermined interval, e.g., 300 K to 800 K in 100 K steps. The accuracy of the interpolation is dependent not only on the size of the interval but the interpolation method used, the temperature range for the problem, and the behavior of the cross section in the resolved resonance region. 
II. CALCULATING CROSS SECTIONS AT INTERMEDIATE TEMPERATURES USING INTERPOLATION
The well-known Doppler broadening equation in terms of energy for a Maxwellian free-gas target nuclei distribution can be derived
, ( σ σ(E,T) = Doppler broadened cross section at energy E for target nuclei temperature T, σ(E r ,0) = cross section at energy E r for target nuclei temperature of 0 K.
The nature of the convoluted integral of equation (1) does not suggest a simple interpolation scheme to calculate σ(E,T') at some intermediate temperature, T', given Doppler broadened cross sections, σ(E,T 1 ) and σ(E,T 2 ). For this study, five possible interpolation schemes were investigated:
II.A Generating the interpolated cross sections
A temperature range of 294 K to 811 K was chosen for this study. Dopplerbroadened cross section libraries were generated over this range using the NJOY 1 code system at the following temperatures: 294 K, 367 K, 478 K, 505 K, 519 K, 533 K, 547 K, 561 K, 589 K, 700 K, and 811 K. The ENDF/B files 5 were downloaded from the National Nuclear Data Center website. Cross sections were reconstructed using a tolerance of 0.1% in the RECONR module and thinned using an error tolerance of 0.1% in the BROADR module. The reaction types examined for this study included total (mt=1), elastic scattering (mt=2), radiative capture (mt=102) and fission (mt=18), if applicable, where the "mt" numbers designate the ENDF/B reaction type 5 .
For each nuclide in the study, values of the cross sections at each temperature were mapped to a union energy mesh using linear interpolation when necessary. Five interpolation intervals of decreasing magnitude were investigated using a target temperature of 533 K: 294 K to 811 K, 367 K to 700 K, 478 K to 589 K, 505 K to 561 K, and 519 K to 547 K. For every value on the union energy mesh, an interpolated cross section, σ(E,T'), was generated at 533 K, using the reference data sets and each interpolation law (equations (2) - (6)). The resulting value of σ(E,T') was then compared to the NJOY Doppler broadened value at 533 K and a relative error calculated.
III. RESULTS
Because Doppler broadening is a resonance phenomenon, it is expected that the nuclides with significant resonance behavior will be most affected by the interpolation treatment suggested -specifically, those with large numbers of narrow resonances. 
III.A 238
U Cross Sections Table I shows the results of the five interpolation schemes for the five temperature interpolation intervals for the total cross section of 238 U. Accurate representation of the strong resonance absorption characteristics of 238 U prove difficult using interpolation.
Relative errors for the best interpolation method using the smallest interpolation temperature interval still exceed 0.2%, with an average of 0.0071% and a maximum of 0.296%. Although all the relative errors are not less than the 0.1% target, a large fraction is in this range. Depending on the desired precision of the transport calculation, this error may be inconsequential.
Results of interpolation for the other reaction rates are provided in Table II . Unlike Table I , these results are reported at the smallest temperature interval only, since the best possible results are obtained using this temperature interval. Relative errors for the fission reaction cross section are similar to those of the total cross section, however, larger maximum relative errors are observed and a greater number of errors exceed the 0.1% target, with some exceeding the 0.5% maximum value bin.
Interpolating the capture cross section results in 563 relative errors exceeding the 0.5% maximum bin value, suggesting that this reaction is not approximated well with interpolation. However, the average and maximum relative errors are comparable to the fission cross section. The interpolated elastic scattering cross section results show a greater number of points in the target range of <0.1% relative error, with maximum and average relative errors that are in a more acceptable range.
III.B 235
U Cross Sections Table III shows the results for interpolating the total, capture, fission, and elastic scatter cross sections over the smallest temperature interval, 519 K to 547 K. The reduction in complexity of the cross section structure in the resolved resonance range relative to 238 U suggests that interpolation may yield more accurate results in Zr over the temperature range of 519 K to 547 K. With one notable exception, all the relative errors for the total and elastic scattering cross section are less than 0.1%. However, one cross section point (on the lower energy "wing" of a resonance) remains at a relative error of ~0.35%.
III.C 90 Zr Cross Sections
The interpolated capture cross sections result in higher relative errors, however, capture is a much smaller component of the total cross section than elastic scatter.
Average relative errors for the interpolated capture cross sections are less than 0.1% with maximum errors of ~1%.
III.D 16 O Cross Sections
The cross section structure in 16 O allows for greater accuracy of interpolated cross sections. The interpolation interval can be extended from 28 K (519 K to 547 K) to 111 K (478 K to 589 K) while maintaining the relative errors near the target of 0.1%. Table V shows the results for interpolating the total, capture, and elastic scattering cross sections over a temperature range of 478 K to 589 K. At this temperature interval, it is possible to achieve average and maximum relative errors less than 0.1% using a "loglog" or "sqrt-lin" interpolation scheme for all the reactions. The capture cross section is less sensitive to the interpolation method and all methods result in relative errors of no consequence.
III.E

B Cross Sections
The few, wide resonances and large energy span covered by the smooth "1/v" behavior of the 10 B cross section provides a good candidate for interpolation. As is the case with 16 O, the interpolation interval can be extended to 111 K while maintaining the relative errors around 0.1%. Table VI shows the results of interpolating the total, capture, and elastic scattering cross section for 10 B over the temperature range of 478 K to 589 K. The total and capture cross sections are well-predicted using interpolation and relative errors are well within the 0.1% target. Relative errors calculated for the elastic scattering component of the cross section are higher but, using a "log-log" interpolation scheme, are below the target.
III.F 1 H Cross Sections
As in the case of 10 B, the 1 H cross section is anticipated to be a good candidate for interpolation. The smooth behavior of the cross section as a function of energy, with no resonance structure, will tend to produce more accurate interpolated cross sections. The interpolation interval can be safely extended to 111 K without exceeding the 0.l% error target. Table VII shows the results for interpolating the total, capture, and elastic scatter cross sections for 1 H, over the range of 478 K to 589 K. Relative errors for total and elastic scatter are kept below 0.1% using either a "log-log" or "sqrt-lin" interpolation scheme. Relative errors for capture are very low and insensitive to the interpolation scheme used.
IV. CONCLUSIONS
Interpolation of cross sections provides a means to perform transport calculations on problems with complex and/or changing temperatures without prior knowledge of the final temperature distribution. By Doppler broadening to a set of cross sections at a predetermined number of temperatures spanning the temperature range of the problem, cross sections can be calculated "on the fly" for any temperature in the model. Of the five interpolation schemes examined, the "log-log" interpolation scheme performed the best. Although, in some cases other schemes predicted a lower maximum error, the "log-log" scheme generally resulted in lower average errors and a greater number of cross section relative errors within the 0.1% target.
An alternative to the interpolation method is the in-situ Doppler broadening
approach. This approach is to-date untested and may be viable given the increasing computational speed of computers. This method requires only a single set of cross sections, Doppler broadened to the lowest possible temperature that the nuclide will experience in the problem. In the course of particle tracking, the cross section of the constituent nuclides for the material in which the particle currently resides are Doppler broadened to the appropriate temperature, on the fly. Upon entering a new material at a different temperature, or changing the temperature of the current material, the Doppler broadening process is repeated. Integral testing of this method is necessary to determine the speed penalty for Monte Carlo codes in particular. It may very well be the most accurate approach to solve transport problems with complex and/or changing temperature distributions. 
